secondary metabolites and hormones. Their major universal functions under stress underline the potential in developing climate-resilient cultivars through a combination of molecular and conventional breeding programs. We propose that future GST engineering efforts through rational and combinatorial approaches, would lead to the design of improved isoenzymes with purpose-designed catalytic activities and novel functional properties. Concurrent GST-GSH metabolic engineering can incrementally increase the effectiveness of GST biotechnological deployment.
Introduction
Adaptation and resistance of plants to biotic and abiotic stress conditions are of great agricultural interest as they are the major limiting factors due to which crop yield is not reaching values that reflect the maximum genetic potential (Kissoudis et al. 2014) . While crop breeding strategies towards the improvement of yield under optimal growth conditions have progressed, a better understanding of the genetic and biological mechanisms underpinning stress adaptation is needed, to enhance plant's stress tolerance more efficiently.
Glutathione transferases (GSTs) comprise a large class of multifunctional enzymes, consisting of three super families: cytosolic, mitochondrial, and microsomal (Lan et al. 2009; Liu et al. 2015) . They are centrally positioned in the glutathione (GSH) network of redox control and cellular detoxification machinery . Their precise physiological roles remain to be fully understood, despite the functional characterization of many GST genes from different plant species (Axarli et al. 2009a; Chronopoulou et al. 2014; Skopelitou et al. 2015; Skopelitou et al. 2017) . In the present review, we summarize GST functions on abiotic stress tolerance (drought, salt, cold, heavy metals, phytotoxic chemicals) and pathogen resistance, critically discussing recent findings regarding the biochemistry and molecular biology of GST-mediated stress resilience.
Plant GSTs: phylogenetic and structural aspects
Plant GSTs can be divided into 14 distinct classes, namely tau (U), phi (F), theta (T), zeta (Z), lambda (L), γ-subunit of the eukaryotic translation elongation factor 1B (EF1Bγ), dehydroascorbate reductase (DHAR), metaxin, tetrachlorohydroquinone dehalogenase (TCHQD), Ure2p, and microsomal prostaglandin E synthase type 2 (mPGES-2) (Lan et al. 2009; Liu et al. 2013 Liu et al. , 2015 Lallement et al. 2015) . Recently, three new classes have been identified in plants: hemerythrin (GSTH), iota (GSTI), and glutathionyl-hydroquinone reductases (GHRs) (Yang et al. 2014a, b) .
The soluble GSTs are biologically active as dimers, except for the Lambda and DHAR classes which function as monomeric proteins (Lallement et al. 2014 ). The two subunits form a dimer with globular shape. Each subunit contains two distinct domains: a N-terminal domain, consisting of β-strands and α-helices arranged in a thioredoxinlike fold (βαβαββα), and an all α-helical C-terminal domain (Fig. 1a) . The C-terminal domain is connected to the N-terminal domain by a short linker sequence of ~10 residues. Each subunit has an independent active site consisting of two distinct subsites: a GSH binding site (G-site) in the N-terminal domain and a electrophile substrate-binding site (H-site) in the C-terminal domain (Axarli et al. 2009a; Skopelitou et al. 2015) (Fig. 1b) . Tau, Phi, Theta, and Zeta classes are characterized by the presence of a conserved Ser residue at their catalytic site, while Lambda GSTs and DHARs have a Cys residue.
Unlike the conserved N-terminal domain, the C-terminal domain is quite variable with respect to sequence and topology, thus leading to distinct H-site with variable substrate specificities (Fig. 2a) . Most variable regions include the C-terminal residues and the upper part of the two long helices α-helix H4 and α-helix H9 in the C-terminal domain (Fig. 1c) . Moreover, plant GSTs possess a larger cleft for co-substrate binding compared to mammalian GSTs and hence they have the ability to accept larger and diverse Fig. 1 a Cartoon representation of the structure of the tau class GSTU10-10 from Glycine max (PDB code 4chs). Bound GSH is shown as spheres and colored according to atom type. b Representation of the G-and H-site with the bound GSH: GSH and amino acid side chains that contribute directly to G-and H-site formation are shown in a stick representation. Close-up: solid surface representation of the GSH bound to the enzyme. The water molecules are shown as spheres and colored red. Hydrogen bond interactions are shown as dashed lines. c Induced fit mechanism upon substrate binding. Superposition of the GSH (colored red) and nitrobenzyl-GSH (colored green) bound to GmGSTU4-4 revealed a movement of the C-terminal α-helix H9 and the upper part of the long α-helices H4 and H5. PDB codes: 4chs (colored blue) and 2vo4, (colored brown). (Color figure  online) substrates Skopelitou et al. 2015) . The catalytic promiscuity of GSTs correlates with structural flexibility, heterogeneity, and facile conformational changes of the G-and H-sites (Fig. 2b) (Honaker et al. 2011) . It has been suggested that the structural dynamics of GSTs are linked with their mechanism of catalysis, allowing for recognition of diverse substrate structures at minimal energetic cost. For example, comparison of the free and substrate-bound structures of the tau and phi class GSTs has led to the suggestion of an induced fit mechanism of catalysis ( Fig. 1c) (Neuefeind et al. 1997; Axarli et al. 2009b) .
GSTs also possess a ligand-binding site (L-site), where hydrophobic substrates can be bound. Thus GSTs can also operate as carrier and transport proteins suggesting broader functions, including cellular signaling by binding to a diversity of metabolites such as plant hormones, anthocyanin, flavonoids, and porphyrins and other secondary metabolites (Cummins et al. 2013; Dixon et al. 2011a) . The location of the L-site differs among various GSTs. For instance, the L-site in the phi class enzyme from Arabidopsis thaliana is located next to the G-site (Reinemer et al. 1996) . In the tau class enzyme GmGSTU4-4, crystallographic evidence showed that the ligand-binding site of the enzyme is located in a hydrophobic surface pocket (Axarli et al. 2016) .
Catalytic functions
Our knowledge about the catalytic function of GSTs has been extended beyond the classic GSH-transferase activity towards xenobiotics, accelerating our understanding on their mechanistic involvement in stress adaptation (Fig. 3) .
The Tau, Phi, and Theta classes additionally possess significant GSH-dependent hydroperoxidase (GPOX) activity on fatty acid hydroperoxides and GSH conjugation activity towards cytotoxic lipid peroxidation products such as alkenals and unsaturated aldehydes (Axarli et al. 2009a) . Through these functions, they are directly involved in abiotic stress tolerance by effectively decreasing the generation of reactive electrophile species (Dixon et al. 2010) . It has been suggested that in addition to the direct protective effect of the GPOX activity, the enhanced tolerance may be due to the GPOX-mediated increase in GSSG concentration in the cells, which then functions as a signal to activate further protective stress responses .
There is a large variation in GPOX activity among different GST isoenzymes reaching, for example, a 600-fold difference in A. thaliana. Theta GSTs of A. thaliana appear to have the highest GPOX activity, which extends to longchain (C 18 ) fatty acid peroxides. Interestingly Theta GSTs, in contrast to the majority of GSTs which are cytosolic, are localized in the peroxisomes, which are the only organelles where fatty acid β-oxidation takes place and large amount of H 2 O 2 is produced due to photorespiration (Hu et al. 2012; Rahantaniaina et al. 2013) .
Lambda class GSTs do not possess GSH-transferase activity towards the common GST substrate 1-chloro-2,4-dinitrobenzene (CDNB), but exhibit deglutathionylation and reductase activity (Lallement et al. 2014) . They have been recently placed at the epicenter of GST research, as they are highly inducible by abiotic stresses and xenobiotic treatments (Kumar et al. 2013a) . They are potentially involved in the homeostatic control of plant antioxidant pool catalyzing the reduction of the oxidized form of Fig. 2 ENDscript analysis. A variable tube depiction of the tau class GSTU10-10 from Glycine max main chain, whose radius is proportional to the differences in Cα between GSTU10-10 and all homologous proteins of known structures. a The tube is colored according to the level of sequence conservation, from white (low score) to red (identity). b The structural flexibility and dynamics of the tau class GSTU10-10 from Glycine max. Regions with high mobility are colored red whereas regions with low mobility are colored blue (PDB code 4chs). (Color figure online) 1 3
anthocyanins, flavonoids, and other secondary metabolites to restore their antioxidant capacity (Chan and Lam 2014; Dixon et al. 2011b ). On the other hand, the zeta class GSTs have isomerase activity towards maleylacetoacetate partaking in tyrosine catabolism. They also possess glutathionedependent dechlorination activities (Edwards et al. 2011; Kim et al. 2011) , an important reaction in the metabolism of many xenobiotics, enabling their utilization in the deployment of transgenic plants with increased remediation capacity.
GSTs' direct involvement in pathogen defence responses became evident by the discovery that AtG-STF6 catalyzes the conjugation of GSH to indoleacetonitrile, a precursor of the phytoalexin camalexin (Su et al. 2011 ). In addition, GST functions in defence extend to the biosynthesis of sulfur-containing secondary metabolites, such as glucosinolates, as well as phenolics and flavonoids (Dixon et al. 2010) .
Plant GSTs might regulate the reversible S-glutathionylation of protein thiol residues which is considered a protective mechanism of proteins under stress to prevent oxidation (Mieyal and Chock 2012) . Protein glutathionylation can occur passively due to redox changes and through non-enzymatic activities (Zaffagnini et al. 2012) ; however, there are evidence that GSTs in animal systems can facilitate glutathionylation, thus contributing to their stress tolerance (Klaus et al. 2013) . GSTs expression is controlled by a variety of environmental and developmental signals through the action of transcription factors, many of which are yet to be identified, and can act either as transcriptional activators or repressors. GST transcripts might undergo alternative splicing controlling tissue-specific and stress-responsive expression patterns and different subcellular localization. GST proteins exert their functions through both catalytic enzymatic activities towards various substrates, as well as non-catalytically, functioning as binding and carrier proteins for hormones, such as auxin and cytokinin, secondary metabolites, and oxylipins and porphyrins. As binding proteins, they regulate metabolite transport, protection against cellular oxidation, and biological availability. Ultimately, through the repertoire of different functions among different GST enzymes, they orchestrate and fine tune plant adaptation and tolerance to environmental stresses, pathogenic attackers, and detoxification of toxic chemicals and metabolites
Non-catalytic functions
The maize ZmGSTU1 can bind and conjugate porphyrinogens. Porphyrinogens reside in the chloroplast, but when they leak in the cytosol under stress conditions and senescence they are oxidized to the lipophilic and phytotoxic protoporphyrin (Dixon et al. 2008; Lederer and Boger 2003) . GST binding of leaked porphyrinogens prevents their auto oxidation, protecting plant cells from oxidative stress (Lederer and Boger 2003) . A. thaliana Tau class GSTs have been involved in oxylipin binding (Dixon and Edwards 2009 ), which are lipid oxidation byproducts that function as signals for stress adaptation and as precursors in jasmonic acid (JA) biosynthesis (Hou et al. 2016) .
AtGSTU19 and AtGSTF2 both catalyze the glutathionylation and bind to the oxylipin 12-oxo-phytodienoic acid (12-OPDA), a precursor of the hormone JA. It is proposed that GSTs might be involved in the transport of 12-OPDA from the chloroplast to the peroxisome where JA synthesis takes place (Dixon and Edwards 2009 ). Interestingly, higher 12-OPDA content in transgenic plants promoted lower stomatal aperture and drought tolerance (Savchenko et al. 2014) , responses that were observed after AtGSTU19 overexpression (Xu et al. 2016) . This points to a potential crosstalk among 12-OPDA, JA, and GSTs in the regulation of drought tolerance, as GSTs are rapidly induced by both 12-OPDA and JA (Mueller et al. 2008) . GST binding might modulate the spatiotemporal signaling of oxylipins in response to stress.
AtGSTF2 was identified as a binding protein of the secondary metabolites functioning in plant defense, camalexin, and flavonol quercetin-3-O-rhamnoside. AtGSTF2 is induced after pathogen attack and is associated with membrane vesicles, an indication that is involved in the transport of defense-associated secondary metabolites (Kumar 2014) . Four A. thaliana Phi GSTs have been recently shown to be binding targets of the defense hormone salicylic acid (SA), which results in the inhibition of their catalytic activity (Tian et al. 2012) . It has been postulated that this function enhances the decrease in cellular ROS scavenging capacity, potentiating cell death induction (Kumar 2014) .
GSTs from several plant species such as the A. thaliana Transparent Testa 19 (TT19) and grapevine VvGST1 and VvGST4 (Conn et al. 2008; Hu et al. 2016; Sun et al. 2012 ) are functioning as carrier proteins, facilitating the transport of anthocyanins and flavonoids to the vacuoles (Zhao 2015) . Both metabolites act as antioxidants under stress. In addition, flavonoids are modulators of auxin signaling (Buer et al. 2013 ). Thus, flavonoid-binding GSTs might be indirectly regulating plant development. It was observed that AtGSTF2 overexpression in Brassica juncea plants resulted in earlier flowering time and enhanced regeneration capacity (Gong et al. 2005) . Considering that several GSTs are identified as binding proteins of auxin and cytokinin (Bilang and Sturm 1995; Gonneau et al. 1998) , further significant roles in plant development might be uncovered. The findings of tight interconnections of GSTs with secondary metabolite and hormone homeostasis might explain the broad phenotypic effects, observed by their genetic manipulation, in stress tolerance and plant immunity.
The non-catalytic roles of GSTs might stem from the concentration and redox state of their substrate GSH, as altered GST expression has been shown to markedly change the ratio of reduced GSH to its oxidized form, glutathione disulfide (GSSG, Chen et al. 2012; Roxas et al. 2000) . Redox state is a primary modulator of developmental processes and defense responses (Kocsy et al. 2013 ) including hormone biosynthesis and crosstalk (Bartoli et al. 2013; . Glutathione depletion in the GSH biosynthesis mutant pad2-1, resulted in increased susceptibility to Pseudomonas syringae, coinciding with reduced GST protein levels . Atgstu17 knockouts exhibited reduced sensitivity to auxin and ABA but higher accumulation of ABA and GSH content which strongly affected plant development (Jiang et al. 2010 ) and induced tolerance to drought stresses (Chen et al. 2012) . A later study identified that the availability of GSH precursor cysteine is positively modulating ABA biosynthesis, providing further mechanistic insights on GSH-ABA cross regulation and how hormone signaling and redox state are potentially converging via the regulation of the S-assimilatory pathway (Cao et al. 2014) .
Our recent studies on GmGSTU4 overexpressing plants, which exhibit tolerance to salt stress and the herbicide alachlor, indicated pleiotropic effects on plant metabolism. Under salt stress, transgenic plants exhibited higher concentration of protective metabolites such as proline and trehalose (Kissoudis et al. 2015b) . GmGSTU4 protective effect against the herbicide alachlor was accompanied by increased induction of abiotic stress-responsive metabolites and accumulation of secondary metabolites compared to wild-type plants (Kissoudis et al. 2015a ). These responses share similarities with the metabolic changes observed in A. thaliana after application of the reductant dithiothreitol (DTT), which resulted in lower hexose levels and increase in the precursors of secondary metabolites (Kolbe et al. 2006) . Thus, GmGSTU4 functional roles may derive, except from its catalytic properties, from alterations in redox state.
Expression regulation
To fine tune GST biotechnological deployment for enhancing crop stress tolerance, a precise regulation of expression 1 3 is required. Current knowledge should be appropriately connected, providing directions for future studies (Fig. 3) .
Detailed promoter analyses of gst genes have been quite limited. Many GSTs, however, are induced by a wide range of chemical agents or other stress factors. This suggests that their promoters contain either a set of different specific motifs or general regulatory sequences which are differentially activated under various stress conditions.
Functional characterization of OsGSTL2 promoter revealed several cis elements that are stress regulated, such as, Box-W1, EIRE (response to pathogen elicitors), and LTR (cold response) and the hormone responsive-elements TCA (SA response), CGTCA-motif (MeJA response), ERE (ethylene response), TGA-element (auxin response), and TATC-box (gibberellin response). However, OsGSTL2 did not exhibit responsiveness after treatments by ABA, ET, and MeJA treatments (Hu et al. 2011) . Several abiotic stress and hormone regulatory motifs were identified in the promoter of a Tau class GST from the halophyte Salicornia brachiata, such as ABRE and MYB, indicating a potential involvement of ABA signaling in its upregulation under abiotic stress (Tiwari et al. 2016) .
Transcription factor (TF) binding is crucial for expression induction and repression. The presence of multiple regulatory elements in GST promoter indicates concurrent binding of numerous TFs. AtGST11 gene is induced by heavy metals but repressed by cold and heat stress, as a result of binding of four transcription factors. The C3HC4-type RING finger TF DAL1 and the HD-Zip AtHB6 act as repressors and their silencing led to the heightened expression of AtGST11, while AtbZIP30 and AtERF2 binding induced AtGST11 expression, thus they are positive regulators (Kouno and Ezaki 2013) .
Posttranscriptional regulation of GSTs is even more sparsely studied, with evidence suggesting that is involved in stress and tissue specificity of induction. For instance, the maize Bz2 and the soybean GH2/4 primary transcripts undergo alternative splicing in response to cadmium (Marrs and Walbot 1997) . Different transcription start sites were observed for A. thaliana AtGSTF8 (Thatcher et al. 2007 ). The two transcripts have differential tissue-specific and stress-responsive expression patterns and different subcellular targeting. The longer AtGSTF8 transcript is expressed in high levels in leaves and is localized in the chloroplasts, while the shorter transcript is cytoplasmic and exhibits much greater responsiveness to abiotic and biotic stress stimuli (Thatcher et al. 2007 ).
The elucidation of determinants underlying GST induction under stress can be greatly accelerated by the increased availability of genome-wide studies. These have revealed that closely related paralogous genes within the GST classes have distinct expression patterns and magnitude (Chi et al. 2011; Csiszár et al. 2014; Lan et al. 2009; Liu et al. 2015) . Identifying the nucleotide variation that is responsible for these differences might enable the fine tuning of GST expression, minimizing pleiotropic effects and maximizing efficacy towards stress tolerance.
GST-mediated stress tolerance

Abiotic stress tolerance
Different approaches and evidence highlight that GSTs significantly contribute to adaptation and tolerance to abiotic environmental stresses such as drought, salinity, and cold stress.
Numerous GSTs, especially members of the Tau and Phi classes, are differentially expressed in response to abiotic stress signals (Csiszár et al. 2014; Lan et al. 2009 ). In many occasions, elevated GST expression correlates with increased stress tolerance as observed in tomato, wheat, and barley (Gallé et al. 2009; Rezaei et al. 2013; Sun et al. 2010) . Abiotic stress tolerance mediated by chemical priming, such as treatment with SA, coincides with a spike in GST expression (Csiszár et al. 2014; Horváth et al. 2015) .
Transgenic overexpression of GSTs has offered further insights in their mechanism of action contributing to abiotic stress acclimatization (Table 1) . Oxidative stress tolerance through GPOX activity, induction of antioxidant machinery, and changes in redox state were observed after the overexpression of a tobacco tau class GST, which resulted in salt and chilling stress tolerance in tobacco seedlings (Roxas et al. 2000) . Overexpression of Tau class GSTs from different species, such as the Glycine soja GsGSTU13, the A. thaliana AtGSTU19, and the Prosopis juliflora PjG-STU1, has resulted in enhanced stress tolerance (George et al. 2010; Jia et al. 2016; Xu et al. 2016) . Interestingly salt and oxidative stress tolerance by the overexpression of rice OsGSTU4 was accompanied by pleiotropic effects, such as reduced sensitivity to ABA and auxin, as well as upregulation of pathways related to defence responses, sulfate reduction and phenylpropanoid and flavonoid biosynthesis pathways (Sharma et al. 2014) . This is indicative of multilevel interactions that can merely be explained by the enzyme's catalytic functions. Such pleiotropic effects might be the cause of the increased tolerance to drought and salt stress of transgenic tobacco plants overexpressing a sweet orange CsGSTU, despite the lack of GPOX activity (Cicero et al. 2015) .
Zeta class GSTs have been identified, through different approaches, as significant contributors to abiotic stress tolerance despite the lack of significant GST/GPOX activity to standard GST substrates such as CDNB. In rice the presence of a naturally occurring OsGSTZ2 allelic variant with significantly lower isomerase activity correlated with reduced cold tolerance (Kim et al. 2011) . Interestingly, when the same gene was overexpressed in rice it conferred cold tolerance which coincided with increased GST and GPOX activity of rice leaf extracts (Takesawa et al. 2002) . Similarly, overexpression of Tamarix hispida ThGSTZ1 increased drought and salt stress tolerance with concurrent increase of total GST and GPOX activity (Yang et al. 2014a, b) . Perhaps GSTZ isomerase activity towards maleylacetoacetate, an electrophile that can potentially alkylate a range of macromolecules (Blackburn et al. 2006) , reduces the accumulation of oxidants under stress, indirectly aiding the homeostatic control of plant antioxidant machinery.
The expression profile of the rice GSTL class was comprehensively studied, revealing tissue and developmental stage-regulated expression. OsGSTL2 exhibited the highest expression levels, as well as induction under abiotic stress (Kumar et al. 2013a) . OsGSTL2 overexpression provided increased tolerance to drought, salinity, and cold stress (Kumar et al. 2013b ). Functional analysis of soybean GmG-STL1, which is up-regulated under salt stress, indicated that its protective effect against salinity potentially derives from its interactions with antioxidant flavonoids-quercetin and kaempferol. GmGSTL1 was speculated to catalyze the reduction of oxidized flavonoids restoring their antioxidant function and thus contributing to oxidative stress tolerance (Chan and Lam 2014). Thus far, in the studies mentioned above, GST-protective functions against abiotic stress is in direct relation with its protein abundance indicative of the direct role of its catalytic functions or protein interactions with cellular metabolites. However, this is in contrast with the observation that silencing of AtGSTU17 resulted in increased drought and salt stress tolerance (Chen et al. 2012) . Plants exhibited anatomical and physiological changes such as smaller stomatal aperture resulting in a lower transpiration rate and increased growth of primary and lateral roots. Additionally AtGSTU17-silenced plants exhibited higher ABA and GSH content (Chen et al. 2012 ). These results offer significant evidence for the signaling functions of plant GSTs that extend beyond their catalytic activities and can be further exploited to increase plant robustness under abiotic stress.
Heavy metals and organic pollutants
The GSH network is a cornerstone for plant tolerance to heavy metal and organic pollutant stress. GSH is the substrate for phytochelatin (PC) biosynthesis which results in metal detoxification by chelation (Sytar et al. 2013 ). Moreover, GSH can also directly form chelates with metal ions, as well as organic xenobiotics, which can be catalyzed by GSTs (Waskiewicz et al. 2014) .
Many GSTs are induced under heavy metal stress. Copper treatment in A. thaliana increased the RNA expression of AtGSTF2, AtGSTF6, AtGSTF7, and to a lesser extent AtGSTU19 (Smith et al. 2004 ). Transcriptomics and proteomic studies indicate a wide induction of GSTs under various heavy metal stress conditions (Alvarez et al. 2009; Lin et al. 2013; Zhao et al. 2009 ). Interestingly, when comparing proteome-wide responses to Cu 2+ and Cd 2+ in A. thaliana the exact same GSTs were identified being induced by both metals (Roth et al. 2006) .
In many occasions increased induction of GST expression and activity coincides with increased heavy metal tolerance (Cançado et al. 2005; Darkó et al. 2004; Dawood et al. 2012) . Heavy metal accumulator species such as Arabidopsis halleri, the zinc hyperaccumulator Noccaea caerulescens, and the cadmium hyperaccumulator Phytolacca americana show increased protein levels of various GST enzymes namely AtGSTF10 and AtGSTF2 (Farinati et al. 2009; Schneider et al. 2013; Zhao et al. 2011 ).
Transgenic plants, overexpressing GST genes have been found to tolerate and accumulate higher amounts of heavy metals (Table 1) . A. thaliana plants overexpressing the tobacco par B (which encodes an antioxidant phi class GST enzyme) were more tolerant than the wild-type plants to aluminum and copper stress (Ezaki et al. 2000) exhibiting significantly lower lipid peroxidation (Ezaki et al. 2001) . Dianthus superbus plants, overexpressing Nt107 (a gene that encodes a tobacco tau GST enzyme), accumulated significantly higher amounts of copper in shoots and roots when compared to wild-type plants (Lim et al. 2005) . Overexpression of the poplar GSTU51 selectively increased tolerance to mercury but not cadmium stress (Im Choi et al. 2013 ). OsGSTL2 expression is highly induced by arsenate and its overexpression rendered A. thaliana plants tolerant to various heavy metals such as arsenate, cadmium, and chromium (Kumar et al. 2013b) .
Interestingly expression of a GST from the biocontrol fungus Trichoderma virens enhanced cadmium tolerance in transgenic tobacco plants, which exhibited reduced cadmium concentration compared to wild-type plants (Dixit et al. 2011 ). This approach is ideal for the reduction of heavy metal concentration in biomass facilitating its safer downstream utilization (in biofuel production as an example) when crops are grown in heavy metal polluted soils. Although this result seems contradicting, our hypothesis is that GSTs in this case might have acted as carriers of cadmium or cadmium-binding compounds and/or a transporter to pumps that export the heavy metal out of the cell. However, further scientific evidence is required to confirm this hypothesis. Future research should focus on the transcriptional and post-translational effects of GST overexpression on heavy metal transporters such as the ZRT/IRT-like protein (ZIP)-like transporters and the heavy metal ATPase (HMA) genes (Lin and Aarts 2012) . This can shed light on the mechanisms underlying the increased or reduced heavy metal accumulation in transgenic plants.
The importance of GSH availability for the function of GSTs in heavy metal tolerance has been demonstrated in yeast where chromium tolerance mediated by the rice OsGSTU30 and OsGSTU4 was abolished after treatment with a GSH biosynthesis inhibitor (Tripathi et al. 2014 ). The authors concluded that both GSTs and GSH coordinately function to enhance chelation and sequestration of GSH-chromium complexes into vacuoles.
GSTs can be deployed for the remediation of environmental pollution by organic xenobiotics, including herbicides, chemicals used in industry, and explosives. The selection of GST enzymes with high specific catalytic activity towards the targeted chemical is required to maximize efficiency (Musdal and Mannervik 2015) . GmG-STU4 overexpression increased the resistance of transgenic tobacco plants towards the herbicide alachlor but not to metolachlor, despite both being chloroacetanilide herbicides, in accordance with its high catalytic activity towards alachlor (Benekos et al. 2010) . AtGSTU24 and -25 are induced by the explosive 2,4,6-Trinitrotoluene (TNT). Recombinant protein assays indicated high activity towards TNT and transgenic plants exhibited accelerated TNT metabolism and tolerance (Gunning et al. 2014) . The removal of the nitro group after GSH conjugation catalyzed by AtGSTU24 and -25 reduces the stability of TNT aromatic ring allowing further metabolic degradation which is a significant step towards the safe and environmental friendly degradation of this dangerous explosive.
To increase the efficiency of phytoremediation under scenarios of mixed contaminations, pyramiding GST genes with other components of the cellular detoxification machinery, such as CYP450s and ABC transporters which are co-regulated in xenobiotic metabolism (Pang et al. 2012) , can result in synergistic effects. Co-expression of a human CYP450 and a GST resulted in marked increased in tolerance of transgenic alfa-alfa plants to mixed contamination with cadmium or mercury and the organic pollutant trichloroethylene (TCE) (Zhang and Liu 2011; Zhang et al. 2013 ). In addition, transgenic plants accumulated higher amounts of both mercury and TCE, indicating that they can be deployed for a faster remediation of sites containing these pollutants.
Fungal and bacterial pathogens and viruses
Links between GST expression and pathogen resistance (or susceptibility) are relatively ambiguous and can be a result of indirect effects due to perturbations of redox status.
GST expression appears to be responsive and, in most occasions, induced after pathogen attack. Application of fungal or bacterial elicitors leads to a significant upregulation of GST transcripts and proteins (Liao et al. 2009; van Loon et al. 2008) . A microarray analysis of 2-week-old rice seedlings treated with Magnaporthe grisea (virulent isolate FR13) identified 34 GST genes which were differentially expressed (more than twofold change) compared to non-treated plants (Jain et al. 2010; Ribot et al. 2008) . In barley plants infected with powdery mildew, GST genes were up-regulated to counterbalance the production of ROS (Gjetting et al. 2007 ). Microarray analysis of barley infected with Puccinia graminis f.sp. tritici identified 2 GST genes which were up-regulated. These genes had higher expression when the plants were treated with the incompatible pathotype MCC than the compatible QCC, suggesting that they were involved in disease resistance in barley (Zhang et al. 2008) . Proteomics studies in A. thaliana identified AtGSTF2,-6, -7, and -8 to be up-regulated in response to Pseudomonas syringae with AtGSTF7, as well as in response to Alternaria brassicicola. AtGSTF6 and -7 are cytosolic, while AtGSTF8 is chloroplast localized and AtGSTF2 is found in multiple subcellular localizations, suggesting a multitude of interactions between GSTs across different cellular compartments for the orchestration of defense responses (Mukherjee et al. 2010) .
Additional evidence linking GSTs with pathogen resistance is derived from mutant or transgenic plant studies with altered defense responses. (A) thaliana ups1 mutant with reduced GST1 expression exhibited reduced camalexin (a phytoalexin that has been implicated in (B) cinerea resistance) accumulation (Denby et al. 2004 (Denby et al. , 2005 . On the contrary, the A. thaliana ocp3 mutant (overexpressor of cationic peroxidase 3), which constitutively expresses GST1, showed increased resistance to Botrytis cinerea (Coego et al. 2005) . AtWRKY75 mutants exhibit higher susceptibility to virulent and avirulent isolates of Pseudomonas syringae, a phenotype that is reversed after the overexpression of strawberry FaWRKY1. The resistance response is accompanied by strong oxidative burst and GST induction (Encinas-Villarejo et al. 2009 ).
GST manipulation in transgenic plants strengthens the notion of GST involvement in defense orchestration (Table 1) . In Nicotiana benthamiana, four GST genes, NbGSTU1, 2, 3, and NbGSTF1 have been isolated from the leaves infected by Colletotrichum destructivum and C. orbiculare exhibiting differential expression patterns. In particular, the expression of GSTU1 and GSTU3 were increased (the expression of NbGSTU1 slightly decreasing in the late infection stage), whereas NbGSTU2 and NbG-STF1 expression remained constant. NbGSTU1-silenced plants had 130% more lesions and 67% more colonization by C. orbiculare, indicating non-redundant roles of this gene in defense that needs to be further clarified (Dean et al. 2005) . The authors speculated that susceptibility is derived from the decreased capacity to detoxify lipid hydroperoxides and toxins that are produced during pathogenesis (Dean et al. 2005) .
Silencing of a tomato GST gene induced by powdery mildew in the resistant genotype Ol-1 led to the breakdown of resistance, reducing the intensity of the hypersensitivity response (HR) and H 2 O 2 accumulation (Pei et al. 2011) . Similarly, resistance to the aphid Diuraphis noxia in wheat was suppressed by TaGSTF6 silencing and coincided with lower H 2 O 2 production in comparison to the resistant wildtype plants (Schultz et al. 2015) . In contrast to the abovementioned studies, GST silencing in tobacco resulted in the upregulation of several defense-related genes and resistance to the tobacco stem pathogen Phytophthora parasitica var. nicotianae (Hernández et al. 2009 ). These contradicting reports might stem from the respective GSTs being targets/ nodes of different defense/hormone pathways. Additional transcriptome and protein interaction analyses can provide valuable insights on their involvement in defense signaling.
The most recent and direct involvement of GSTs in plant resistance was reported by (Lo Cicero et al. 2017) where the overexpression of sweet orange tau GSTs in transgenic tobacco enhanced plants' tolerance to Pseudomonas syringae pv. tabaci. Tolerance was manifested as lack of chlorotic halos formation during the host-pathogen interaction. This phenotype implies the involvement of the CsGSTU1 and CsGSTU2 overexpression in the active metabolite diffusion in plant tissues, probably by leading the bacterial toxic molecules towards a CsGSTs-mediated modification pathway.
Summarizing, most of the current evidence converge to a positive role of GSTs in defence, either by regulating the intensity of the oxidative burst induced in response to pathogen attack potentially containing cell death or the accumulation of defence-related metabolites. Most results from transgenic manipulations report on the detrimental effects of GST silencing, which potentially disrupts the proper deployment of defence. However, there are no examples of induced defence after GST overexpression, despite the indirect evidence of heightened GST induction in resistance responses. Thus, overexpression studies can aid to draw further links between GST induction and defence. For example, it was recently shown that the barley powdery mildew effector BEC1054 suppresses the defence responses by interacting with, among others, a zeta GST (Pennington et al. 2016) . The authors speculated that this interaction aids pathogenicity by the modulation of oxidative stress, as this GST possesses high GPOX activity. However, the authors did not further investigate how the effector interaction affects this zeta GST activity, thus its further functional characterization can shed light on the precise mechanisms involved. Using association mapping in maize, a locus mapping to a GST gene was found to confer partial resistance to three different highly economically important maize pathogens (Wisser et al. 2011) . Further functional analysis of this gene could improve our understanding of GST-mediated broad spectrum disease resistance.
As there are numerous pathosystems and pathogens with different lifestyles and infection strategies, more studies are needed to shed light onto the role of GSTs in diverse plant pathogen interactions including viruses. GST role under viral infection might be on substantially different basis, as was demonstrated by the observation that NbGSTU4 is aiding viral replication of the Bamboo mosaic virus (BaMV) by maintaining reductive conditions (by GSH delivery) to the replication complexes (Chen et al. 2013) .
Outlook
Biotechnological exploitation of plant GSTs can open new avenues towards increasing the robustness of crops against the ongoing climate change. Further investigation of the causality relationships between the different signaling nodes, especially plant redox state, should be prioritized, under the prism that climate change will result in the disturbance of reduction/oxidation homeostasis (Munné-Bosch et al. 2013) . Technological advances in ~omics and other technologies can provide significant information on GST-mediated stress tolerance mechanisms. For example, metabolomics analysis of GST overexpressing plants suggested that these plants reach an acclimatized state more effectively (Kissoudis et al. 2015a, b) . Utilization of in vivo sensors of plant hormone and redox homeostasis (Uslu and Grossmann 2016) in conjunction with GST catalytic and affinity characterization can aid the elucidation of their cellular functions. These approaches can shed light on the reported GST binding with auxin and cytokinin. Animal GSTs are shown to partake to steroid biosynthesis, with alpha GSTs catalyzing isomerization reactions (Fedulova et al. 2010) . Similar functions linking plant GSTs and brassinosteroid biosynthesis are yet to be studied and should be further explored, in light of recent reports of brassinosteroids enhancing the catabolism of pesticides by concurrent induction of GSTs (Zhou et al. 2015) .
Engineering strategies through rational and combinatorial approaches have contributed to the identification of important amino acid residues for ligand binding, catalytic efficiency, and specificity and provided the basis for designing novel GST mutants with altered structural and functional properties (Dixon et al. 2003; Labrou et al. 2004; Kapoli et al. 2008; Axarli et al. 2009a Axarli et al. , 2010 Axarli et al. , 2016 . Targeted modifications and enzyme/promoter reconstruction could be greatly aided by novel genome editing, like CRISP/R and synthetic biology approaches Liu and Stewart 2016) that would lead to the design of the purposed-designed GST isoenzymes (Govindarajan et al. 2014) , with higher catalytic activities and novel properties.
The ever-increasing whole genome characterization of GST families, along with their catalytic activities, has indicated 100-fold variation in activities even between closely related genes (Chi et al. 2011; Csiszár et al. 2014; Lan et al. 2009; Liu et al. 2015) . This information can help identify sequence variants (e.g., single nucleotide polymorphisms) contributing to either major or minor catalytic activity variations and promoter sequence variations that affect GST expression. This knowledge can lead to optimal biotechnological applications in crops with the design of substrate, tissue, and condition-specific deployment of GSTs.
Finally, GST pyramiding and GST/substrate co-engineering might be key for effective biotechnological deployment of GSTs. Effective GST pyramiding can be achieved by the selection of genes with broad effects (Kumar et al. 2013b; Wisser et al. 2011) to increase crop robustness to multiple stress factors and minimize fitness trade-offs, 1 3 potentially as a result of redox misregulation. Such tradeoffs can be further mitigated by stress-inducible expression. For example, co-engineering of a tau class GST with a glutathione synthetase significantly increased herbicide tolerance in comparison to single transformants (Skipsey et al. 2005) . Similar approaches with Lambda GSTs and antioxidant secondary metabolite overproduction [e.g., flavonoids (Nakabayashi et al. 2014 )] co-engineering can be much more effective in attaining robust stress tolerance. Fine tuning GST enzymatic properties and substrate availability can materialize fundamental research towards biotechnological applications in crops.
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